This paper presents results of an experimental study on incompressible turbulent flow over a rectangular cavity. The experiment was carried out to clarify the strength and three-dimensional nature of cavity oscillations for fully turbulent inflow. Particle image velocimetry (PIV) and fluctuating pressure measurements were made in a closed, re-circulating water tunnel for cavity length-depth ratio from L/D=1 to 4 at a momentum thickness based Reynolds number, Re θ =8,300. Measured power spectra of pressure fluctuations show dominant frequencies with broad peak width indicating the absence of resonant oscillations. Pressure fluctuations at two spanwise separated locations are well correlated at the frequency range in which dominant peaks are found. Instantaneous flow fields reveal strong three-dimensional distortions. Although formation and passage of turbulent eddies are observed in the instantaneous x (streamwise)-y (vertical) plane flow field, instantaneous x-z (spanwise) plane flow fields show strong spanwise variations.
Introduction
Flow over a cavity is recognized to generate self-sustained oscillations which cause undesirable noise and vibration in many engineering applications. In the case of incompressible flow, where acoustic excitation is absent, interaction between unstable shear layer and cavity trailing edge is responsible for the occurrence of self-sustained oscillations. For laminar inflow, detailed descriptions have been reported on self-sustained oscillations associated with shear layer-cavity interaction (1) - (4) . However, for fully turbulent inflow, there have been only a few investigations, in particular on its three-dimensional natures. On practical side, three-dimensional nature of flow oscillation is very important. Spanwise correlation of pressure fluctuations are essential to predict the intensity of flow induced vibration and radiated noise. Information on the correlation lengths of turbulent flows are required to develop active or passive flow control systems.
The primary purpose of the present study is to clarify the strength and three-dimensional nature of flow oscillations in turbulent cavity flows at high Reynolds numbers. In case of high Reynolds number turbulent flow, shear layer over the cavity trailing edge is less coherent than that of laminar inflow at low Reynolds numbers, and disturbances originate from the flow impingement at the cavity trailing edge may be less coherent. In addition, when the boundary layer upstream of the cavity is turbulent, shear layer at the cavity inlet is more persistent with disturbances than the case of laminar inflow. These may lead to a reduction of the strength of shear layer-cavity interactions.
Experimental investigations on incompressible or low Mach number (Ma<0.1) turbulent cavity flows have been carried out by several authors (6) - (8) . However, there are some discrepancies between these prior studies. Lin and Rockwell (6) have reported an occurrence of self-sustained oscillation associated with formation and development of organized structures. In contrast, Chatellier et al., (7) have reported that organized structures have not been identified in the instantaneous PIV flow field at low Mach number (0.04<Ma<0.11) (7) turbulent cavity flows, even though significant peaks have been found in the acoustic spectra. Furthermore, Grace et al., (8) have reported that no dominant peaks have been observed in the velocity spectrum of turbulent cavity flows. Three-dimensional natures of cavity flows have not been reported as frequently as flow oscillations. Rockwell and Knisely (5) have visualized distortion of primary spanwise vortex structures and formation of secondary streamwise vortices in a laminar cavity flow. Numerical studies on compressible turbulent flows (9) - (10) have shown strong three-dimensional distortion of the flow field and existence of streamwise vortices. More recently, a numerical study (11) has reported similar results for the case of in incompressible turbulent cavity flow. These numerical investigations show that the coherent structures of cavity flows with turbulent inflow are less obvious than those with laminar inflow. The reminder part of this paper consists of 3 sections. Section 2 describes experimental setup and technique. Section 3 presents experimental results and discussion. Following a brief review on fundamental flow statistics, power spectra and spanwise correlation of pressure fluctuations are discussed for various L/D (L; length, D; depth of the cavity). The details of three-dimensional flow field are presented in the last part of the section for L/D=2 as a representative example. The final section summarizes these results.
Experimental setup and Technique
Experiments were carried out in a closed, re-circulating water tunnel at the Naval Systems Research Center, TRDI/Ministry of Defense, Japan (12) . The tunnel has a test section of 233(Width) ×233(Height) ×1160(Length) mm. The turbulence intensity at the test section is less than 0.5% and spatial deviation of free stream velocity is less than 1%. Figure 1 shows the experimental setup and coordinate axis. The experimental model consists of upstream and downstream liners and cavity length was varied from 40 to 160mm (L/D=1~4) by adjusting the streamwise location of the downstream liner. The origin of x (streamwise), y (vertical) and z (spanwise) axis was defined as the mid-span of the cavity trailing edge. Reference velocity U o was defined as LDV-acquired free stream velocity at the cavity inlet. All experimental results in the present paper were obtained at U o =5.0m/s. The boundary layer thickness at the cavity inlet was 13mm, and Reynolds number based on momentum thickness of the inlet boundary layer θ and U o was 8,300±300.
At the rear wall of the cavity, 10 recesses were equipped to install piezoelectric pressure transducers (PCB HSM112A22) of 5.5mm diameter. All results in this paper were acquired from pressure transducers arrayed in a line of the spanwise direction. The interval of the transducers was 18mm (0.45D) and their vertical locations were 10mm (0.25D) below the trailing edge. The pressure transducers were flush mounted to the wall. The resonant frequency of the pressure transducer was 250 kHz and its sensitivity was constant up to 20 kHz. The signals from the transducers were simultaneously acquired using a 4-channel A/D converter (Ono-Sokki DS2000) at 12.5 kHz sampling.
A two-component laser Doppler velocimetry (LDV) system was used for inlet boundary layer measurement and tunnel velocity adjustment. The system consisted of a fiber optic probe (TSI-Model9832) and a signal analyzer (TSI-IFA750). The probe utilized green (wavelength λ=514.5nm) and blue (λ=488.0nm) beams of argon-ion laser to measure vertical and streamwise components of the velocity. The length and diameter of the measuring volume of the probe (in water) were 1.6 mm and 0.11mm, respectively.
A two component PIV system was used for instantaneous velocity measurements. PIV measurements were carried out in the x(streamwise)-y(vertical) and x-z(spanwise) planes. A double pulse Nd-Yag laser system (TSI Mini-Twin λ=532nm, 30 mJ/Pulse) was used as the light source of the laser sheet. The laser beam was spread into a laser sheet of 1mm thickness by using cylindrical and spherical lenses. Particle images were captured by a frame straddle CCD camera (TSI Model-630046, 1280×1024 pixels, 12bit resolution). The water of the tunnel was seeded with polyamide particles of 10 µm diameter. The post processing of the captured images were carried out by commercial software (LaVision, DaVis 7.0). The particle displacement was calculated with a multi-pass algorithm and the final window size was 32×32 pixels with 50% overlap. Validation of calculated vectors was done based on the value ratio of first and second peak of the cross-correlation, and vectors with low peak value ratio less than 1.3 were removed. The typical displacement of the particle was 5 pixels. From a statistical analysis, uncertainty of the time averaged velocity, turbulence intensity in the present paper were estimated to be ±2% and ±6%, respectively. Figure 2 shows LDV-measured velocity profile at the cavity inlet. The velocity profile is plotted using inner-variables y
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where u τ; is the friction velocity, ν is the kinematic viscosity) to reveal characteristics of the boundary layer. When the friction velocity is assumed to be 0.187 m/s, measured velocity profile agrees well with a typical log-linear relationship y + =2.5log e u + +5.5 up to y + =1000, indicating that the inlet boundary layer is fully turbulent.
The momentum thickness θ was obtained to be 1.6 mm (θ/D=0.04) from numerical integration. In the calculation, the Spalding's formula (15) was used for inner layer. As described in section 2, Reynolds number based on θ and U o was 8,300±300, considering the variation of water temperature. vorticity contours show an entrainment of positive (clockwise) vorticity from the separated shear layer to the inside of the cavity, and the positive vorticity fluid flows along the bottom wall toward the upstream wall. These flow patterns are consistent with prior studies (6) , (9)- (11) . Figure 4 presents power spectra of pressure fluctuations measured at the rear wall of the cavity. All results shown in the figure were measured at y=-0.25D, z=0. In the present study, frequency f and power spectrum densities E p (f) are normalized by U o , θ and free stream dynamic pressure q. In the spectra, dominant frequencies can be found at fθ/U o =0.018 and 0.011 for L/D=1 and 2, respectively. For L/D=2, second peak also can be found at fθ/U o =0.018. The band widths of these peaks are broad indicating the absence of resonant behaviors. According to the linear stability theory, fθ/U o =0.018 is close to the unstable frequency of the shear layer. Knisely and Rockwell (3) , Lin and Rockwell (5) also found peak frequencies at the similar frequency range for both laminar and turbulent inflows. Present results indicate that the shear layer instability plays an important role on the nature of cavity oscillation even when the incoming flows are fully turbulent.
In case of L/D=3 and 4, fluctuating energy increase at a low frequency range of fθ/U o <0.01, and the shapes of the dominant peaks become unclear. In these spectra, very weak peaks can be found at fθ/U o =0.013 for L/D=3 and fθ/U o =0.01 for L/D=4. Although the dominant peak measured at L/D=3 is slightly higher than that of L/D=2, the dominant reference pressure transducer was the mid-span of the cavity, and laser sheet was also inserted to the mid-span. In the vorticity field, clusters of high vorticity fluid can be observed near the cavity trailing edge. The timing of the laser pulse is nearly coincident with the negative peaks of pressure fluctuations at Lz=0 and -0.45. It is likely that the passage of high vorticity structure in the instantaneous flow field is responsible for the negative pressure peaks of the time series. This observation is consistent with a prior result (6) at lower Reynolds number. However, the timing of the negative peak varies along the z axis. Furthermore, at a period of tU o /θ=250~280, pressure fluctuation at Lz=0.45D is out of phase with those measured at Lz=0 and -0.45D. Figure 7 shows contours of time averaged statistics at an x-z plane of y/D=0.05 where the maximum turbulence intensity are found in fig.3 . These results were obtained from 600 images of PIV flow field. In the contours of time averaged spanwise velocity, weak flow toward cavity mid-span can be observed. Near the rear wall of the cavity, it flows from cavity mid-span to the side walls. These results indicate that the influence of the side walls even exist at the mid-span of the cavity. However, the contours of turbulence intensity do not show remarkable spanwise variations indicating that the influences of the side walls on velocity fluctuations were not significant. The intensity of spanwise velocity fluctuation w' rms is similar in amplitude to the wall normal component v' rms illustrated in fig.3 . Figure 8 shows instantaneous flow field and corresponding contours of streamwise velocity obtained at the same x-z plane as fig.7 . The vector field shows strong three-dimensional variations. In the velocity contours, the high and low velocity regions distribute in the spanwise direction with relatively short spacing of 0.5D~0.8D. The Figure 9 shows contours of two-point spatial cross-correlation of streamwise velocity fluctuations obtained at the same x-z plane as fig.7 and fig.8 . Spatial cross-correlation was calculated from 600 PIV-acquired flow images. The reference point is located at x=-0.4D, z=0. The contours of spatial cross-correlation are more elongated in the streamwise direction than in the spanwise direction, indicating that the velocity fields are characterized by streamwise elongated structures. It should be noticed that the spanwise correlation of the velocity fluctuations are low in comparison with those of rear wall pressure fluctuations. As shown in fig.5 (a) In numerical studies on compressible (9) - (10) and incompressible (11) turbulent cavity flows, developments of streamwise vortices have been reported. Similar three-dimensional features have also been reported in turbulent separated flow over a backward facing step in both numerical (13) and experimental (14) studies. It is likely that spanwise variation of flow fields shown in fig.8 and fig.9 are accompanied by similar streamwise vortices. Instantaneous x-z plane flow fields measured at the inside of the cavity are shown in fig.10 for various heights, (a) Variation of mean spanwise spacing λ z of high speed streaks is shown in figure 11 as a function of y/D. The streak spacing was measured manually from PIV obtained velocity contours, and uncertainty of the results was estimated to be ±10%. At y/D=0.05, the height corresponds to the center of the shear layer, the mean spacing of the high speed streaks is 0.35D. The mean streak spacing increase as y/D decreases. Furthermore, at y/D=-0.75, high speed streak could not be found. Because λ z /D is reciprocal of the average number of streaks per unit spanwise width (=D), these results indicate that occurring of high speed streaks at the inside of the cavity is less frequent than that at the inside of the shear layer. fig.11 and fig.12 suggest that the high speed streaks observed in the present study are caused by the passage of streamwise vortices in the cavity shear layer.
Conclusion
An experimental study on incompressible turbulent flow over a rectangular cavity was carried out to clarify the strength and three-dimensional nature of flow oscillations. The results are summarized as follows.
Measured pressure spectra show dominant peaks with broad width indicating the absence of resonant behavior. The dominant frequency for the shortest cavity (L/D=1) is close the unstable frequency predicted from linear stability theory, and the peak frequency gradually decreases as the increase of L/D. These results indicate that the shear layer instability plays an important role on the nature of cavity oscillations even when the inlet boundary layer is fully turbulent. Pressure fluctuations at two spanwise separated locations are well correlated at the frequency range in which dominant peaks are detected.
In the instantaneous flow field of the x-y plane, formation and passage of large scale vortices are observed. However, instantaneous x-z plane flow fields reveal strong three-dimensional variations. High and low speed streaks are observed in the x-z plane flow fields for various heights. In the cavity shear layer, the contours of spatial cross-correlation of streamwise velocity are more elongated in the streamwise direction than in the spanwise direction, and the spanwise correlation of velocity fluctuations are much lower than those of rear wall pressure fluctuations. Observed three-dimensional features indicate that the shear layer-cavity interactions in the present cavity flow are not strong to cause resonant behaviors.
